e manufacturing process of large-area, high-precision gratings is a very complicated and time-consuming process. e hardness testing of grating films is an important step in the entire process. In order to simplify the manufacturing process of gratings, we have proposed a new method for testing microhardness based on tool edge indentation. Also, it unified tool adjustment and microhardness testing steps in the grating manufacturing process. First, a mathematical model of the relationship between tool load and indentation contour length is established. e model parameters were then modified using tool indentation experiments with different loads. When measured with a nanoindenter, the average hardness of the grating film was 447 MPa. e hardness value of the grating film obtained by our proposed method is almost the same as that measured by the nanoindenter, and the maximum deviation is about 2.2% of the average hardness value. e experimental results show that our proposed method can replace the microhardness test method of using a nanoindenter. erefore, the disadvantages of using a nanoindenter to test the hardness of a grating film are avoided, such as the limited sample size, the sensitivity of the indenter to the roughness of the film and the depth of the indentation, and the accuracy of film testing, and the efficiency of grating ruling can be improved.
Introduction
In optics, a diffraction grating is an optical component with a periodic structure that splits and diffracts light into several beams travelling in different directions, and its cross section usually shows a serrated, sinusoidal, or rectangular array. Gratings have many applications in a variety of spectrometers [1] and, especially, have received great attention for their applications in the selection of laser frequency and bandwidth compression area [2] [3] [4] [5] . As the core component of high-precision spectral instruments [6] , gratings are widely used in military, astronomy, alternative energy, biochemical analysis [7] , and other fields [8] . Currently, large-area, high-precision gratings are an area of active research in the grating ruling field. Such gratings have a width of more than 400 mm [9] and a groove density of more than 3600 g/mm. e large area can help gratings achieve excellent light-gathering and resolving power, whereas the high-precision ruling can endow instruments with an excellent signal-to-noise ratio and wave front quality [10, 11] .
To date, the mechanical ruling method is the main method to manufacture large-area, high-precision gratings [12, 13] . A diamond tool is used to extrude and polish the metal film on a grating substrate, to generate periodic v-shaped grooves on the film surfaces without forming chips or scrapes during the entire process. e film is usually made of pure aluminum or gold through an electron beam evaporation process, which is soft and exhibits good plasticity [14] . e mechanical ruling process is shown in Figure 1 . e microstructure on an aluminum film of gratings can be observed using an electron microscope, as shown in Figure 2 . e grating ruling process is complicated and involves many steps, such as film hardness testing, tool aligning and adjusting (according to load versus tool indentation profile), trial ruling and load optimizing, and formal ruling. Among these steps, the tool adjusting and load optimizing process are the two key steps. During the grating ruling process, to attain the best extruded and polished grating blaze plane and to ensure a regular elastic-plastic uplift in the lateral part of the triangular groove, the consistency of the grating ruling tool main edge and the ruling direction should be strictly guaranteed, and the appropriate load should be optimized according to the hardness of the aluminum film.
us, accurately evaluating the aluminum film hardness is very important. When the aluminum film on the grating substrates is too hard, the extruding process becomes difficult and the polishing effect becomes poor. On the other hand, when the aluminum film on the grating substrates is too soft, the extruding process becomes easy and the polishing effect becomes fine, but the groove shape is not easy to form accurately. e optimum value of the aluminum film hardness always depends on the experience of the grating ruling. So, during the grating ruling process, the hardness can be used as an important test standard for the quality of grating aluminum film.
In previous studies of the grating ruling process, the features of tool indentation profile on the film were used to roughly judge the hardness status of the aluminum film of the gratings, but it could not quantify the hardness value of the film. Currently, nanoindenters are used to test the hardness of small grating samples (which are coated film with a large grating at the same time), and that represents the hardness of larger grating aluminum films to some extent. However, nanoindenters exhibit many shortcomings in testing grating films. For example, aluminum films for large gratings cannot be directly tested by nanoindenters because of their limited size, and the macroscopic inhomogeneity of thick film easily leads to inconsistency of measurement results. In addition, the nanoindenter is very sensitive to film roughness, and the depth of the indentation region is limited.
As mentioned above, tool indentation is a key step in the grating ruling process. After tool indentation, the projection line of the main edge of the indentation can be used to judge the consistency of the ruling direction, and the length of the line can not only be used to estimate the pitch angle of the ruling tool but also can be used to roughly determine the hardness state and elastic-plastic properties of the grating film.
If the hardness of an aluminum film can be accurately determined by measuring the tool indentation length, it will provide many advantages to the grating ruling process. First, the traditional nanoindentation head and the ruling tool edge can be combined. Second, test of hardness and tool indentation processes can be unified. ird, the hardness testing of grating films can be combined with the grating ruling process. If this hardness testing method works well, it would greatly increase the efficiency of the grating ruling process and eliminate the cost of manufacturing test samples for large grating film and the hardness testing work using a nanoindenter. In addition, since the contact area between the ruling tool edge and the aluminum film is large, the hardness of the aluminum film calculated by using the length of the tool indentation is not sensitive to the roughness of the aluminum film. is can effectively improve the accuracy and reliability of the hardness test on the aluminum film. So, the hardness of the grating film as expressed by the length of the tool indentation is of great value to the grating ruling process. is paper proposed a new microhardness testing method for a grating film based on grating ruling tool indentation, and this method has important application value in improving the processing efficiency of the ruling gratings. e grating microhardness testing method according to load versus tool indentation profile is mathematically modeled, and the index of the aluminum film hardness model is determined by theoretical and experimental analysis.
Theoretical Background
e structure of the grating ruling tool is shown in Figure 3 [15] . e cross section of the grating ruling tool is an asymmetrical "V" shape, and its main parameters include the orientation angle (D), nonorientation angle (F), and back oblique angle (H).
In Figure 3 , the grating ruling directions are specified in the X-axis directions on the coordinate system, and when the grating is ruled, the main edge of the ruling tool lifts at a small angle in the X-Z plane, which is called the pitch angle (E). Beside the main edge are the two sides of the tool edge, respectively, named the orientation plane and the nonorientation plane. Also, the two planes intersect with the back oblique plane and form two side edges, which are the orientation side edge and the nonorientation side edge.
Based on our previous study [15] , a set of geometry formulas can be developed, and using MATLAB software, the parametric geometric model can be calculated for the grating ruling tool. When the grating ruling tool is ruled on the aluminum film, it is subjected to deformation resistance force from the aluminum film on the X, Y, and Z directions. When the tool edge is pressed into the aluminum film under a certain load and becomes static, the load on the grating ruling tool and the deformation resistance force from the aluminum film in the Z direction are balanced. e algebraic sum of the deformation resistances force from the X and Y directions is always zero because they are not related to the load and thus can be ignored. We can define the positive stress of the orientation plane as pp a and the angle between the positive stress pp a and the Z axis as z a . Similarly, we can define the positive stress of the nonorientation plane as pp b and set angle between the positive stress pp b and the Z axis as z b .
According to the set of Tabor, when Poisson's ratio of the material is 0.3, the maximum contact stress pp that causes plastic deformation is directly related to the hardness of soft materials. Namely, for pp � 0.6H n [16] , the actual hardness H n of the soft aluminum film can be obtained by testing with a nanoindenter. erefore, the relationship of stress and H n can be determined as
According to Liu's research [14] , the coefficient of 0.6 in equation (1) is used for calculating the hardness of soft metal materials. In our research, this coefficient value was used to establish the tool indentation model. However, the grating film material is a soft aluminum film with a thickness on the micron or submicron scale, and a hard optical glass basement is present under the film, which leads to a basement effect on testing microhardness. us, the actual coefficient value in equation (1) will be revised through the tool indentation experiment.
In Figure 3 , we can see that z a � D, z b � F, and z c � H, and we can define S az as the projection area of area S a on the X-Y plane. Similarly, we can define S bz as the projection area of area S b on the X-Y plane and define S cz as the projection area of area S c on the X-Y plane, which can be expressed as S az � S a cos z a .
(2)
We can define pz a , pz b , and pz c as the separated forces of the unit normal stress on the Z axis for each plane of the grating ruling tool, which can be expressed as pz a � pp cos z a .
(3)
We can define Pz a , Pz b , and Pz c as the separated forces of the total normal stress on the Z-axis for each plane of the grating ruling tool, which can be expressed as
e sum of the total positive stress in the orientation plane, nonorientation plane, and the back oblique plane applied on the Z-axis is
Based on the abovementioned formulas and using the program developed by MATLAB software, we performed the calculations of concerning parameters and drew a set of curves that Pz, Pz/a, and Pz/a 2 change with the length of the tool indentation, as shown in Figure 4 . e hardness value of the soft aluminum film in the program is H n � 447 MPa, which is the average of the hardness data obtained using the nanoindenter, and this value can be used as the hardness value of the soft aluminum film in our model. Figure 4(a) shows that the Z-direction force increases with the length of the ruling tool indentation and the increasing trend shows a quadratic curve. e ratio of the Z-direction force to the length of the ruling tool indentation increases linearly with the increasing length of the ruling tool indentation, as shown in Figure 4(b) . Also, the ratio of the Z-direction force to the length square of the ruling tool indentation is a constant, as shown in Figure 4(c) . erefore, according to the calculation results in Figure 4 and the Knoop hardness testing method, the theoretical formula for the aluminum film hardness can be obtained as
where the hardness index is C � 447/11.314 � 39.5086. By substituting this index into equation (6), we obtain Figure 3 : Structure of the grating ruling tool [15] .
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Experimental Techniques
To verify the accuracy of the developed mathematical model, a grating ruling tool was manufactured according to the theoretically calculated parameters. e tool material is fine octahedral natural diamond, and the tool edge is polished and finished by the Ultra precision natural diamond lapping machine. en, the tool is installed on the CIOMP-5 grating ruling machine at the Changchun Optical Precision Machinery and Physics Institute, as shown in Figure 5 . e grating film is a 11 μm-thick pure aluminum film, its uniformity of thickness was less than 1%, and the surface roughness was about R a � 20 nm. e film was deposited on K9 substrates by the electron-beam evaporation process, with the hardness of 447 MPa tested by an Agilent, Nano Indenter G200 [17] . e load is applied on the grating ruling tool using weights, and seven weights are prepared starting from 5 grams to 35 grams, with an incremental step of 5 grams. e cam mechanism is used to realize the lifting and lowering functions, namely loading and unloading functions, and the loading and unloading rate is about 1 mm/s. e length of the tool indentation is obtained under a ×1000 optical microscope with an accuracy of 0.1 microns. en, several indentation experiments were performed on grating aluminum films. e load on the grating tool was increased from 5 grams to 35 grams with an incremental step of 5 g. In each experiment, an optical microscope was used to observe the tool profile and measure the length of indentation, according to which the tool indentation profile was drawn.
Results and Discussion
e shape of the tool indentation profile under different loads was compared and analyzed. e profile of the tool indentation was observed to expand regularly as the load increased from 5 grams to 35 grams, and the length of the tool indentation was also regularly increased within a certain range, as shown in Figure 6 . Table 1 shows how the parameters of the tool indentation vary with the increasing load. e ratio P/l 2 of the load P to the length square l 2 changed at approximately 13.95, and the standard deviation was within 0.17. According to the load on the tool, the length of the tool indentation, and the ratio of the load to length square, combined with the hardness of the aluminum film measured with the nanoindenter, the value of the hardness index C could be calculated using equation (6) .
According to the data in Table 1 , the average hardness index C based on the microhardness test formula for the tool indentation was 32.06, with a standard deviation of 0.57, revealing an accuracy of 3%. Compared with the hardness index obtained from the theoretical calculation in Section 2, the relative error was 23.23%. As mentioned above, this deviation is caused by the coefficient value in equation (6), which is not suitable for a grating film since under the film presents a hard optical glass basement, and it lead to a basement effect. In the experimental study, the coefficient was revised to 0.76. Since the material of the grating aluminum film is fixed, the experimental hardness index can also be used to replace the simulation value in Section 2. erefore, the average hardness index C was input into equation (6) that is developed on the relationship between the load on the tool and the length of the tool indentation, and the final microhardness model for grating aluminum films was obtained as follows:
According to equation (8), the maximum and minimum hardness of the aluminum film are 456.855 MPa and 440.825 MPa, respectively. e difference between the two values is 16.03 MPa, and these values are very close to the average hardness value of 447 MPa measured by the nanoindenter, and the maximum deviation between the two test results was below 2.2% of the average hardness. ese results demonstrate the accuracy and validity of the proposed microhardness model about aluminum films of gratings.
In addition, when testing the aluminum film by our method, the hardness versus load curve may show a tendency same as that of the Vickers hardness and Knoop hardness test methods, that the hardness decreases rapidly as the applied load increases, and then it attains saturation for higher loads [18, 19] . However, in general, the load range used on testing grating aluminum film hardness is approximately 10 to 30 grams, and stable hardness test results are obtained in the range of 5 to 35 grams. erefore, this paper does not give great attention to study the hardness testing effect on the shallow layer of the grating aluminum film.
Conclusion
In this paper, a new method for measuring the hardness of soft films of gratings was proposed, and its theoretical calculation model was established. en, the tool indentation experiment was successfully prepared and conducted on the grating ruling machine. e experimental results indicated that the addition of grating basement has some effect on the determination of hardness index (C � 39.508), and after revising the coefficient of 0.6 in equation (1) to 0.76, the calculated hardness index was well fitted to the results (C � 32.06) obtained by tool indentation experiment. Also, based on the experimentally determined new formula, the hardness value of grating aluminum film was obtained, and it was varied between 456.855 MPa to 440.825 MPa approximately; the value was very close to the average hardness value of 447 MPa measured by the nanoindenter, the maximum deviation was below 2.2% of the average hardness, and it sounds accurate and reliable. ese results indicated that the new proposed method may replace the traditional nanointender hardness test on grating film and also is an interesting new way to unify the hardness testing process with the tool adjusting process in the grating ruling process, which not only saves time but also improves measurement reliability.
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